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In this work we study the interactions of the Z and Z′ generated by kinetic mixing in a class
of theories for physics beyond the standard model containing an extra U(1)V gauge factor group
and a Higgs sector respecting custodial symmetry. It is shown that custodial symmetry allows to
write the Z and Z′ couplings in terms of the measured values of α, sin θw and the combinations
ρ0 = M
2
W /s
2
wM
2
Z and σ0 = M
2
W /s
2
wM
2
Z′ , such that if we use the results of the global fit to the
electroweak precision data, these couplings depend only on known data and the Z′ mass. For the
Z sector, we calculate the oblique parameters S, T , and compare with the results from the global
fit to the electroweak precision data, finding that for MZ′ ≥ MZ our results are in agreement
with the values extracted from the fit and for MZ′ ≥ 200 GeV the oblique parameters are rather
insensitive to the value of the Z′ mass. For the Z′ sector, we calculate the Z′ contributions to
lepton pair production at the Large Hadron Collider. The corresponding cross section depends on
the Z′ couplings to standard model particles and on its coupling to non-standard-model particles.
We calculate it first considering only the coupling to standard model fermions and show that a
comparison with the CMS data on the exclusion curves for the parameters cu and cd which in general
characterize this cross section, excludes the values MZ′ < 4.4 TeV . We argue that the coupling
of the Z′ to other standard model particles do not modify this picture but its coupling to non-SM
particles does. We estimate these corrections in the well motivated case of dark matter entering
particle physics as the matter fields of the U(1)V gauge symmetry with perturbative couplings at the
electroweak scale, finding that results for cu and cd above are modified by a factor of 1/2 obtaining
the lower limit MZ′ & 4 TeV .
I. INTRODUCTION
The Higgs sector of the standard model (SM) has a global SU(2)L ⊗ SU(2)R symmetry which under spontaneous
symmetry breaking (SSB) breaks down to its diagonal subgroup under which the SU(2)L gauge symmetry generators
T transform as a triplet [1],[2], [3]. This residual symmetry, named custodial symmetry in the literature [3], requires
the gauge bosons W associated to the generators of the SU(2)L gauge symmetry to have the same mass. Custodial
symmetry protects this relation against radiative corrections. However, in the SM the W 3 component of W mixes
with the gauge boson B of the U(1)Y symmetry to produce the massive Z
0 and the massless photon, such that the Z0
mass is related to the W± mass at tree level as MW = MZ cos θw, thus radiative corrections involving U(1)Y charges
yields small corrections to this mass relation and turn out to be of the order of one percent [4].
Physics beyond the standard model may modify this picture. A Higgs triplet or higher SU(2)L representations
break custodial symmetry and modify the custodial symmetry relations [5]. The value of the ratio M2W /M
2
Z cos
2 θw
extracted from the global fit to electroweak precision data (EWPD) [4] puts stringent constraints on the possibility
of custodial symmetry violating Higgs structures.
The relation MW = MZ cos θw can also be modified by physics beyond the standard model with extra U(1) gauge
symmetries even if the Higgs sector respects custodial symmetry. In this case, the modification enters through the
mixing of W 3 with more than one U(1) gauge bosons. The stringent constraints on the photon mass [4] requires this
mixing to preserve the unbroken nature of the electromagnetic U(1)em group generated by Q = T
3 + Y/2, in which
case the custodial symmetry relation holds for a Zˆ field which however is not diagonal. The diagonalization procedure
modify the the custodial symmetry relation for the physical field and generates couplings of the extra gauge bosons
with SM fields. The physical outcome of this scenario depends on details such as possible charges of SM fields of the
new U(1) gauge symmetries and if the new fields carry SM charges. Under SSB these charges may generate new mass
terms yielding a rich scenario which is however constrained by electroweak precision data. We are interested here
on the kinetic mixing effects, thus we will consider the hidden scenario where SM fields are singlets of the new U(1)
gauge symmetries and viceversa.
Additional U(1) gauge symmetries is one of the most well motivated extensions of the SM. Grand unified theories
with groups of rank higher than the SM, yield naturally U(1) factor groups [6], [7], and there exists a classification
of these possibilities which have distinctive signatures for the low energy effects of a new massive physical gauge
boson, usually named Z ′ [8],[9], [10]. For definitiveness we will consider in the following only one extra vectorial
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2gauge symmetry and denote is as U(1)V . One of the more important effects of this new physics is the generation of a
kinetic mixing between the U(1)Y and U(1)V gauge bosons. Indeed, the renormalization group flow for the coupling
constants from high to low energies yields a dimension four operator BµνVµν where Vµ denotes the U(1)V gauge
boson, even if it vanishes at some high energy scale [8],[11]. This term, modifies the expected behavior of the low
energy theory based only on the charges of SM fermions in the considered ultraviolet completion.
There are two main effects of having a non-vanishing kinetic mixing at the electroweak scale. First, it produces
a non-canonical form of the kinetic terms which can be diagonalized by a GL(2,R) transformation, which in turn
generates small couplings of the new canonical field to the hypercharge of SM fields [10]. These new couplings triggered
the interest in using kinetic mixing as an alternative to conventional mechanisms to connect the SM with one of the
most challenging problems today in high energy physics, the mystery of the nature of dark matter [12], [13], [14],[15],
[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34],[35]. Second, in the
presence of kinetic mixing, new mass terms are generated under spontaneous symmetry breaking.
It was recently shown that if custodial symmetry is respected by the extended Higgs sector, the fact that the mass
term of the W 3 is related by this symmetry to the mass term of the W±, can be used to write the mixing parameters
entirely in terms of SM observables and the mass of the Z ′ [36] . This procedure has the advantage that we can use
precision data of the SM to constrain directly the mass of the new gauge boson instead of the mixing parameters as
is conventionally done. Using the results of the global fit to EWPD for the contributions of new physics to the ratio
ρ0 = M
2
W /M
2
Z cos θw, which yields ρ0 > 1, we show in [36] that mixing relations straightforwardly yield the lower
bound MZ′ > MZ .
In this framework, the couplings of the Z and Z ′ bosons in the enlarged theory can also be written in terms of
measured SM data and the mass of the Z ′ boson. In this work we do this rewriting and study the implication for
the physics of the Z boson and possible effects at the electroweak scale of the existence of a Z ′ boson. As to the Z
boson, effects at the electroweak scale of physics beyond the SM can in general be encoded in the oblique parameters
S, T and U [37], [38], [39], [40], [41], thus we focus on the calculation of these parameters. Concerning effects of the
Z ′ at low energies, we calculate its contribution to the production of a lepton pair in hadron colliders and compare
our results with experimental data [42] obtained by the Compact Muon Selenoid (CMS) collaboration at the Large
Hadron Collider (LHC) .
Our work is organized as follows. In the next section we describe the procedure to rewrite the mixing parameters
of the neutral sector in theories for physics beyond the SM with an extra U(1)V factor group, kinetic mixing and a
Higgs sector respecting custodial symmetry. Section III is devoted to the calculation of the oblique parameters and
a comparison with results of the global fit to EWPD. In section IV we calculate the induced Z ′ couplings to SM
fermions, work out the Z ′ contributions to lepton pair production at the LHC and compare with CMS results. Our
conclusions are given in Section V.
II. ADDITIONAL U(1)V , KINETIC MIXING AND CUSTODIAL SYMMETRY
Let us consider an extension of the SM to a group G with a spontaneously broken U(1)V factor gauge symmetry. At
low energies the theory has the GSM ⊗U(1)V gauge symmetry and the invariant Lagrangian including all dimension-
four terms is given by
L = LSM (Wˆ a, Bˆ, φˆ) + LV (V,Φ)− sinχ
2
V µνBˆµν − 2κΦ∗Φφˆ†φˆ, (1)
where we use a hat to denote the SM fields in the extended theory, Bˆµν stands for the U(1)Y strength tensor, V
µν
denotes the strength tensor the U(1)V gauge symmetry and the complex Higgs field which spontaneously breaks this
symmetry is denoted as Φ. The explicit form of LV (V,Φ) depends on our choice of the ultraviolet completing theory,
but results in this paper are independent of this choice, except for the structure of the Higgs sector, which upon
spontaneous symmetry breaking must respect custodial symmetry.
The kinetic terms for the gauge bosons in the Lagrangian in Eq. (1) are
LKgauge = −
1
4
(Wˆ aµνWˆ aµν + Bˆ
µνBˆµν + V
µνVµν + 2 sinχV
µνBˆµν), (2)
and contain a kinetic mixing term of the gauge bosons of U(1)Y and U(1)V factor groups. This term makes the
kinetic Lagrangian not canonical and we must perform the following GL(2,R) transformation on the gauge bosons to
obtain properly normalized kinetic terms [10]
Bˆµν = B¯µν − tanχV¯µν , Vµν = secχV¯µν . (3)
3After this transformation the kinetic terms gets the canonical form
LKgauge = −
1
4
(Wˆ aµνWˆ aµν + B¯
µνB¯µν + V¯
µν V¯µν), (4)
but it induces a coupling of the U(1)V gauge boson with the SM fields. Indeed, after this transformation the
SU(2)L ⊗ U(1)Y ⊗ U(1)V covariant derivative reads
Dµ = ∂µ + igˆT aWˆ aµ + igˆY
Y
2
B¯µ + i(gv secχ
Qv
2
− gˆY tanχY
2
)V¯ µ, (5)
where Qv/2 denotes the generator of U(1)V , gv is the corresponding coupling constant and we use the same hat
notation for the SM gauge couplings in the extended theory.
The effect of the kinetic mixing propagates and reaches mass terms generated by the Higgs mechanism causing a
mixing of the SM neutral bosons with the B¯µ gauge boson to produce the physical Aµ, Zµ and a new physical boson
denoted by Z ′µ. If we want to keep the U(1)em unbroken with a generator Q = T3 + Y/2, we need the B¯µ to be the
hypercharge gauge boson mixing with Wˆ 3µ to produce the physical photon. Notice that the B¯µ field has the same
couplings to SM fields as the original Bˆµ field thus this is just a reinterpretation of the SM U(1)Y gauge boson. With
the conventional weak rotation (
B¯
Wˆ3
)
=
(
cos θˆw − sin θˆw
sin θˆw cos θˆw
)(
Aˆ
Zˆ
)
(6)
we obtain
gˆT3Wˆ3 + gˆY
Y
2
B¯ = eˆQAˆ+
gˆ
cˆw
(T3 − sˆ2wQ)Zˆ, (7)
with eˆ = gˆsˆw = gˆY cˆw and Q = T3 + Y/2. Here on we will use the shorthand notation sˆx = sin θˆx, cˆx = cos θˆx for the
mixing angles.
The Lagrangian for the Higgs sector of the GSM ⊗ U(1)V gauge theory reads
LHiggs = (Dµφˆ)†Dµφˆ+ (DµΦ)∗DµΦ− V (φˆ,Φ), (8)
with the following Higgs potential
V (φˆ,Φ) = µ2φˆ†φˆ+ λ(φˆ†φˆ)2 + µ˜2Φ∗Φ + λ˜(Φ∗Φ)2 + 2κΦ∗Φφˆ†φˆ. (9)
The minimum conditions for this potential read
∂V
∂φˆi
= 2φˆi[µ
2 + 2λ(φˆ†φˆ) + 2κ(Φ∗Φ)] = 0, (10)
∂V
∂Φi
= 2Φi[µ˜
2 + 2λ˜(Φ∗Φ) + 2κ(φˆ†φˆ)] = 0. (11)
The spontaneously broken solutions in the unitary gauge are
φˆ0 =
(
0
v+H¯√
2
)
, Φ0 =
v˜ + S¯√
2
, (12)
and we obtain the following relations from the minimum conditions
µ2 + λv2 + κv˜2 = 0, µ˜2 + λ˜v˜2 + κv2 = 0. (13)
We are interested in the effects of kinetic mixing here, thus we will assume that the SM Higgs φˆ is a singlet under
U(1)V and the new Higgs field Φ is a singlet under the SM group. In the unitary gauge, Eq.(8) yields the following
gauge bosons mass terms
Lmass = M2Wˆ Wˆ+µWˆ−µ +
1
2
[
M2
Zˆ
Zˆ2 + 2∆ V¯ µZˆµ +M
2
V¯ V¯
2
]
, (14)
4with
M2
Wˆ
=
gˆ2vˆ2
4
, (15)
M2
Zˆ
=
M2
Wˆ
cˆ2w
, (16)
∆ =
M2
Wˆ
cˆ2w
sˆw tanχ, (17)
M2V¯ = M
2
Wˆ
tan2 θw tan
2 χ+ g2v v˜
2 sec2 χ. (18)
The photon is massless, the SM field Zˆ has the expected mass value from custodial symmetry but a mixing with the V¯
field has been generated by the kinetic mixing. The neutral gauge boson part of this Lagrangian can be diagonalized
by the following rotation (
Zˆ
V¯
)
=
(
cos θz − sin θz
sin θz cos θz
)(
Z
Z ′
)
. (19)
The diagonalization process yields the following relations
M2Z = M
2
Zˆ
c2z +M
2
V¯ s
2
z + 2∆szcz, (20)
M2Z′ = M
2
Zˆ
s2z +M
2
V¯ c
2
z − 2∆szcz, (21)
tan 2θz =
2∆
M2
Zˆ
−M2
V¯
, (22)
which can be inverted to obtain
M2
Zˆ
= M2Zc
2
z +M
2
Z′s
2
z, (23)
M2V¯ = M
2
Zs
2
z +M
2
Z′c
2
z, (24)
∆ =
1
2
sin 2θz(M
2
Z −M2Z′). (25)
After these transformations, the original gauge fields are related to the diagonal fields by the following matrix BˆWˆ3
V
 =
cˆw, −sˆwcz − tanχsz, sˆwsz − tanχczsˆw cˆwcz −cˆwsz
0 secχsz secχcz
 AˆZ
Z ′
 , (26)
and in terms of the physical fields the covariant derivative reads
Dµ = ∂µ + i
gˆ√
2
(T+W+µ + T
−W−µ ) + ieˆQAˆµ
+ i
[
gˆcz
cˆw
(
(T3 − sˆ2wQ)− sˆw tan θz tanχ
Y
2
)
+ gvsz secχ
Qv
2
]
Zµ
− i
[
gˆsz
cˆw
(
(T3 − sˆ2wQ) +
sˆw tanχ
tan θz
Y
2
)
− gvcz secχQv
2
]
Z ′µ. (27)
The effects of kinetic mixing are conventionally analyzed comparing experimental data with predictions from the
neutral currents arising from this covariant derivative. This comparison yields usually bounds of the possible values
of the kinetic mixing parameter χ, the mixing angle θz or the mixing angle in the Higgs sector, not shown here, due
to the κ term in Eq. (9).
In a recent work [36] we pointed out that the custodial symmetry protected relation M2
Wˆ
= M2
Zˆ
cos2 θˆw, allows to
write the matrix elements in Eq. (26) in terms of the measured θw, MW , MZ and the unknown mass of the diagonal
field Z ′. This rewriting makes transparent that whenever custodial symmetry is respected in the extended theory, the
result of the fit to electroweak precision data, ρBSM = M2W /M
2
Z cos
2 θw > 1, for the contributions of physics beyond
the SM to the ρ parameter imposes a lower bound on the Z ′ mass MZ′ > MZ [36].
5In the following section we will rewrite the neutral currents in terms of these parameters and work out the cor-
responding comparison with available data. In preparation, and in order to make this paper as self-contained as
possible, we quote the results in [36] relevant for the present work.
Using M2
Zˆ
= M2
Wˆ
/cˆ2w in Eq. (23) we get
s2z =
σ(τ − 1)
τ − σ , (28)
c2z =
τ(1− σ)
τ − σ , (29)
with
τ ≡ M
2
Wˆ
M2Z cˆ
2
w
, σ ≡ M
2
Wˆ
M2Z′ cˆ
2
w
, (30)
which involve the physical Z and Z ′ masses and the factor cˆ2w. We need to write cˆ
2
w in terms of the measured weak
angle. The weak angle is extracted from the muon lifetime, which when calculated in the extended theory, yields the
Fermi constant as
GF =
piαˆ√
2M2
Zˆ
sˆ2w cˆ
2
w
, (31)
where αˆ = eˆ2/4pi and we used M2
Wˆ
= M2
Zˆ
cˆ2w.
In the fit to the electroweak precision data, the best measured parameters GF , MZ and α are used as input and
the measured value of the weak mixing angle is defined by the following relation
c2ws
2
w =
piα√
2GFM2Z
. (32)
On the other side, the electromagnetic interactions in Eq. (27) have the same structure as in the SM, thus the
value of the electromagnetic coupling extracted from data is e = eˆ = gˆsˆw. Also, the weak interactions of the Wˆ
± with
fermions have the same form as in the SM but with the respective ”hatted” quantities and, since this is a diagonal
field, the physical W± mass is MW = MWˆ . Comparing Eqs. (31, 32) we arrive at
M2Zc
2
ws
2
w = M
2
Zˆ
cˆ2wsˆ
2
w. (33)
Using this relation we obtain the following ratio of measured quantities
ρ0 ≡ M
2
W
c2wM
2
Z
=
s2w
sˆ2w
. (34)
The ratios in Eq. (30) that appear in the diagonalization process can be written in terms of the measured quantities
and the Z ′ mass with the aid of Eqs. (33,34)
τ = ρ0
c2w
cˆ2w
=
ρ20c
2
w
ρ0 − s2w
, σ = σ0
c2w
cˆ2w
=
σ0ρ0c
2
w
ρ0 − s2w
, (35)
with
σ0 ≡ M
2
W
c2wM
2
Z′
. (36)
Relations in Eq. (28,29,35) allows us to write the mixing angle θz in terms of physical quantities as
s2z =
σ0(ρ0 − 1)(ρ0c2w − s2w)
(ρ0 − s2w)(ρ0 − σ0)
, (37)
c2z =
ρ0(ρ0 − s2w − ρ0σ0c2w)
(ρ0 − s2w)(ρ0 − σ0)
. (38)
In turn, Eqs. (17, 25) permit to write the matrix elements in Eq. (26) entirely in terms of the measured MW , MZ ,
θw and the mass of the Z
′ boson. First we obtain
6tan2 χ =
1
sˆ2w
∆τ
∆σ
, tan2 θz = ∆τ∆σ, (39)
where
∆τ ≡ τ − 1
τ
, ∆σ ≡ σ
1− σ . (40)
The converse relations are
(∆τ)2 = sˆ2w tan
2 χ tan2 θz, (∆σ)
2 =
tan2 θz
sˆ2w tan
2 χ
. (41)
The sign ambiguity in the square root of relations in Eq.(41) was fixed in [36] taking the zero mass limit of the
extra gauge boson obtaining the physical solution as
∆τ = −sˆw tanχ tan θz, 1
∆σ
= − sˆw tanχ
tan θz
. (42)
Effects of new physics are considered in the global fit to the EWPD through the parameter [4]
ρBSM0 ≡
M2W
cˆ2ZM
2
Z ρˆ
, (43)
where cˆ2Z ≡ cos θw(M2Z); M2W , M2Z denote the physical quantities as extracted from experiments, and
ρˆ = 1.01019± 0.00009, (44)
is the SM result for M2W /c
2
ZM
2
Z including radiative corrections in the MS scheme. The global fit yields [4]
ρBSM0 = 1.00038± 0.00020. (45)
In our three level calculation we must identify ρ0 in Eq. (34) with ρ
BSM
0 since at this level ρˆ0 = 1. With this
consideration we get
ρ0 − 1 = (3.8± 2.0)× 10−4. (46)
III. EFFECTIVE Zf¯f INTERACTIONS AND OBLIQUE PARAMETERS
The effective Lagrangian formulation for physics beyond the SM encode corrections to the SM Lagrangian in the
oblique parameters S, T and U . For the Zf¯f interaction the effective Lagrangian reads [10],[43],[44], [45], [46]
Leff
Zf¯f
=
e
2swcw
(
1 +
αT
2
)∑
f
f¯γµ
(
T 3fL − 2s2∗Q− T 3fLγ5
)
Zµ, (47)
where
s2∗ = s
2
w +
1
c2w − s2w
(
αS
4
− s2wc2wαT
)
. (48)
In theories with a spontaneously broken U(1)V extra gauge symmetry and a Higgs sector respecting custodial
symmetry, the covariant derivative in Eq. (27) can be written in terms of physical quantities only with the aid of
Eq.(42) to obtain
Dµ = ∂µ + i
e
√
ρ0√
2sw
(T+W+µ + T
−W−µ ) + ieQAµ
+ i
[
e
swcw
√
ρ0 − s2w − ρ0σ0c2w
c2wρ0(ρ0 − σ0)
(
T3 − (1− ρ0c2w)Q
)
+ gvsz secχ
Qv
2
]
Zµ
− i
[
e
swcw
√
(ρ0 − 1)(ρ0c2w − s2w)
c2wσ0(ρ0 − σ0)
(
T3 − (1− σ0c2w)Q
)− gvcz secχQv
2
]
Z ′µ, (49)
7where
sz secχ =
1
ρ0swc2w
[
(ρ0 − 1)(ρ0c2w − s2w)(ρ0(ρ0c2w − 1)(1− σ0c2w) + s2w)
ρ0 − σ0
] 1
2
(50)
cz secχ =
1
swcw
[
ρ0 − s2w − ρ0σ0c2w
ρ0 − σ0
(
(ρ0 − 1)
σ0
(ρ0(1− σ0)c2w − s2w)
ρ0c2w
+ ρ0s
2
w
)] 1
2
. (51)
If the SM fermions do not carry U(1)V charge, the covariant derivative in Eq.(49) yields the following Zf¯f La-
grangian
LZf¯f =
e
2swcw
R
∑
f
f¯γµ
[
T 3fL − 2(1− ρ0c2w)Q− T 3fLγ5
]
Zµ, (52)
with
R =
√
ρ0 − s2w − ρ0σ0c2w
c2wρ0(ρ0 − σ0)
. (53)
A comparison of Lagrangians in Eqs. (47,52) yields
αS = 4c2w
[
(1− ρ0)(c2w − s2w) + 2s2w(R− 1)
]
, (54)
αT = 2(R− 1). (55)
Notice that although S and T are functions of the Z ′ mass, there is always a linear relation among these parameters
T =
1
4s2wc
2
w
S + (ρ0 − 1)c
2
w − s2w
αs2w
, (56)
valid for all values of MZ′ . The values extracted from the fit to EWPD for the oblique parameters are [4]
S = −0.01± 0.10, T = 0.03± 0.12, U = 0.02± 0.11. (57)
In Figs. (1,2) we plot the predicted values of S and T as functions of the Z ′ mass, for the range of values for ρ0
extracted from the fit to EWPD in Eq.(57). We also show in these plots the allowed regions for S and T obtained
in the fit. We notice first that S and T reach a saturation value for MZ′ ≈ 250 GeV and are not sensitive to the
value of MZ′ beyond this point. The predicted values of S and T are consistent with results from the fit to EWPD
for MZ′ > MZ .
IV. Z′ PRODUCTION AT HADRON COLLIDERS
In the case that SM fermions do not carry the U(1)V charges, the covariant derivative in Eq.(49) yields the following
Z ′f¯f interactions
LZ′f¯f = gZ′
∑
f
f¯γµ
[
T 3fL − 2(1− σ0c2w)Q− T 3fLγ5
]
Z ′µ, (58)
where
gZ′ =
e
2swcw
√
(ρ0 − 1)(ρ0c2w − s2w)
c2wσ0(ρ0 − σ0)
. (59)
Notice that this coupling scales as
√
ρ0 − 1 thus being small for Z ′ mass close to the electroweak scale, but the
√
1/σ0
factor enhance it for MZ′ >> MW and eventually becomes large for large values of the Z
′ mass. In Fig. (3) we
show the associated fine structure constant g2Z′/4pi for the window of values for ρ0 in Eq. (45), which shows that for
MZ′ ∼ 30 TeV we enter in a non-perturbative regime. The couplings of Z ′ to fermions are generation independent
but non-universal, depending of the T 3L and Q quantum numbers of the specific fermion.
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FIG. 1: Oblique parameter S as a function of MZ′ . The solid blue line corresponds to the predictions using the central value
of ρ0 and the shadow band to the uncertainties in Eq. (45). The red solid line corresponds to the central value of S and red
dashed lines to the uncertainties in Eq.(57) .
On the experimental side, upper bounds have been obtained for the couplings of the Z ′ to fermions studying its
contributions to lepton pair production at the LHC [42]. The production cross section for a fermion pair in hadron
colliders in the Z ′ pole region can be written in general terms as [47], [48]
σf¯f =
∫ (MZ′+∆)2
(MZ′−∆)2
dσ
dM2
(pp→ Z ′X → f¯fX)dM2. (60)
In the narrow width approximation for the Z ′ it can be written as
σf¯f ≈
1
3
∑
q=u,d
dLq¯q
dM2Z′
σˆ(q¯q → Z ′)
BR(Z ′ → f¯f), (61)
where
dLq¯q
dM2
Z′
stands for the parton luminosities and the branching ratio for the f¯f channel is given by
BR(Z ′ → f¯f) = Γ(Z
′ → f¯f)
ΓZ′
. (62)
where ΓZ′ denotes the total Z
′ width.
In general, the interacting Lagrangian is written as [48]
LZ′f¯f = g′Z ′µ
∑
f
f¯γµ
[
gV − gAγ5
]
f, (63)
such that the peak cross section reads
σˆ(q¯q → Z ′) = pig
′2
12
[
(gqV )
2 + (gqA)
2
]
(64)
and the width in the f¯f channel is calculated as
Γ(Z ′ → f¯f) = Nc g
′2MZ′
48pi
[
(gfV )
2 + (gfA)
2 +O( m
2
f
M2Z′
)
]
. (65)
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FIG. 2: Oblique parameter T as a function of MZ′ . Solid blue line corresponds to the predictions using the central value of ρ0
and the shadow band to the uncertainties in Eq. (45). The red solid line corresponds to the central value of T and red dashed
lines to the uncertainties in Eq.(57) .
Neglecting the SM fermion masses, if the couplings are generation independent, the total width to fermions is given
by
ΓfZ′ =
g′2MZ′
48pi
[
9
(
(guV )
2 + (guA)
2 + (gdV )
2 + (gdA)
2
)
+ 3
(
(gνV )
2 + (gνA)
2 + (geV )
2 + (geA)
2
)]
. (66)
Taking into account that the top quark channel opens at 2mt = 350 GeV , reduces this width 18% below the t¯t
threshold, but already for MZ′ = 500 GeV this phase space correction is of the order of 2%, thus we can safely neglect
fermion masses.
A. Charged lepton pair production
In this case, at leading order the cross section can be written as
σl+l− =
pi
48s
[
cuwu(s,M
2
Z′) + cdwd(s,M
2
Z′)
]
(67)
where wu,d(s,M
2
Z′) are related to the parton luminosities and the coefficients cu,d depend on the Z
′ couplings to
fermions as
cu =
g′2
2
[
(guV )
2 + (guA)
2
]
BR(Z ′ → l+l−), (68)
cd =
g′2
2
[
(gdV )
2 + (gdA)
2
]
BR(Z ′ → l+l−). (69)
For the kinetic mixing contributions in a theory respecting custodial symmetry, the interacting Lagrangian in Eq.
(58) yields the coupling g′ = gZ′ in Eq. (59)and the following vector and axial factors
gfV = T
3
f − 2(1− σ0c2w)Qf , gfA = T 3f . (70)
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FIG. 3: Fine structure constant for the coupling gZ′ induced by kinetic mixing as a function of the Z
′ mass. The solid line
corresponds to the predictions using the central value of ρ0 and the shadow band to the uncertainties in Eq.(45).
These couplings yield the following total Z ′ decay width into SM fermions
ΓfZ′ =
αMZ′
4s2wc
2
w
(ρ0 − 1)(ρ0c2w − s2w)
c2wσ0(ρ0 − σ0)
[
1− 2(1− σ0c2w) +
8
3
(1− σ0c2w)2
]
. (71)
The general formalism for the calculation of the Z ′ production in hadron colliders uses the narrow width approxi-
mation [47], [48] and we must ensure that we are in this regime for the energies at which data is obtained. In a first
approximation we will assume that the total width of the Z ′ is given by its decays to SM fermions and will study
below possible modifications to this picture. Under this assumption, ΓfZ′ in Eq.(71) is the total width. In Fig. 4 we
plot the ratio ΓfZ′/MZ′ as a function of MZ′ and we can see that the narrow width approximation is well satisfied up
to masses of the order of 10 TeV . At the MZ′ = 6 TeV this ratio is at the 3% level reaching values of the order of
10% for MZ′ = 10.6 TeV , thus we can use safely the calculations based on the narrow width approximation up to
this energy.
The branching ratio for the l+l− channel is obtained as
BR(Z ′ → l+l−) = 1
8
1− 4(1− σ0c2w) + 8(1− σ0c2w)2
3− 6(1− σ0c2w) + 8(1− σ0c2w)2
. (72)
Finally, a calculation of the coefficients cu,d for kinetic mixing in theories respecting custodial symmetry yields
cu =
piα
36s2wc
2
w
(ρ0c
2
w − s2w)
c2wσ0(ρ0 − σ0)
[
9− 24(1− σ0c2w) + 32(1− σ0c2w)2
]
BR(Z ′ → l+l−), (73)
cd =
piα
36s2wc
2
w
(ρ0 − 1)(ρ0c2w − s2w)
c2wσ0(ρ0 − σ0)
[
9− 12(1− σ0c2w) + 8(1− σ0c2w)2
]
BR(Z ′ → l+l−). (74)
Notice that for large Z ′ mass, the branching ratio reaches a saturation value BR(l+l−) = 1/8. In this limit the cu,d
couplings grow like M2Z′
cu ≈17
8
piα
36s2wc
2
w
(ρ0c
2
w − s2w)
ρ0
(ρ0 − 1)
c2wσ0
= 1.67× 10−6M
2
Z′
M2W
, (75)
cd ≈5
8
piα
36s2wc
2
w
(ρ0c
2
w − s2w)
ρ0
(ρ0 − 1)
c2wσ0
= 4.9× 10−7M
2
Z′
M2W
. (76)
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FIG. 4: Width to mass ratio for the Z′ boson as a function of the Z′ mass. The solid line corresponds to the predictions using
the central value of ρ0 and the shadow band to the uncertainties in Eq.(45).
In practice, large Z ′ mass means σ0 << 1 which is satisfied for MZ ′ & 500 GeV .
Experimental data on the upper bounds for Z ′ production at the LHC has been translated into exclusion curves
in the cd − cu plane for given values of MZ′ . In Fig 5 we show the exclusion curves obtained in [42] and our results.
The dots in this plot are the values of (cd(MZ′), cu(MZ′)) from Eqs. (73,74) for the values of MZ′ corresponding to
the exclusion curves and are computed taking the central value of ρ0 in Eq.(45). The dot for a given mass is marked
in the same color as the corresponding exclusion curve. We draw also the region allowed by the uncertainties for ρ0
in Eq.(45) for three of these points. For MZ
′ < 4400 GeV the predicted values for cu, cd including uncertainties are
above the exclusion curves, thus data would in principle exclude this region.
A more precise calculation requires to take into account the uncertainties in cu, cd induced by changes in BR(Z
′ →
l+l−) due to contributions of other decay channels to the total decay width. First, although the mixing with the
SM fields generates couplings of the Z ′ to ZZ, W+W− and ZH, these couplings are proportional to single mixing
factors sz and the corresponding decay widths are proportional to ρ0 − 1, thus small compared to the decay widths
to fermions which are enhanced by the 1/σ0 factor and turn out to be proportional to (ρ0− 1)M2Z′/M2W . Second, the
decay to non-SM particles in the ultraviolet completing theory may be more important since, as we can see from Eqs.
(49,51), the corresponding coupling has the same enhancement factor as the coupling to fermions and we must have
at least a rough estimate of the decay width to these non-SM particles. In this concern, the most important physical
case today is the possibility that dark matter enter particle physics coupled to SM fields via kinetic mixing, in which
case, it is natural to expect dark matter particles with masses of the order of the electroweak scale.
In order to have an estimate of these effects we consider the possibility of extra fermion field ψ as (dark) matter
field with U(1)V charge Q
ψ
v = 2, such that its coupling to the V
µ field in Eq. (1) is gv. In this case, the Z
′ψ¯ψ
interaction arising from the covariant derivative in Eq. (49) is
LZ′ψ¯ψ = −gvcz secχψ¯γµψZ ′µ (77)
which yields the following decay width
Γ(Z ′ → ψ¯ψ) = αvMZ′
3s2wc
2
w
[
ρ0 − s2w − ρ0σ0c2w
ρ0 − σ0
(
(ρ0 − 1)
σ0
(ρ0(1− σ0)c2w − s2w)
ρ0c2w
+ ρ0s
2
w
)]
×
(
1 +
2M2ψ
M2Z′
)√
1− 4M
2
ψ
M2Z′
, (78)
where αv = g
2
v/4pi is the U(1)V fine structure constant. This width depends on the unknown αv, Mψ and MZ′ and it
is not possible to fix it with certainty. However, a reasonable estimate of its size can be obtained considering that the
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FIG. 5: Exclusion curves for the cu, cd couplings extracted from Ref. [42] and the corresponding predictions in theories for
physics BSM containing an extra spontaneously broken U(1)V and respecting custodial symmetry. Each dot corresponds to
the predicted value for a given Z′ boson mass from Eqs. (73,74) and is marked in the same color as the corresponding exclusion
curve.
U(1)V interaction is perturbative and, at least for the dark matter context we can consider Mψ of the order of the
electroweak scale. For larger masses, phase space reduces for a given value of the Z ′ mass and we expect a smaller
decay width. In Fig. 6) we show the decay width for Z ′ → ψ¯ψ taking αv = α and M = 100 GeV , as a function
of MZ′ together with the result of the decay width to fermions in Eq.(71). It is clear from this plot that around
MZ′ = 4 TeV this contribution is of the same order as the decay width to SM fermions, thus we expect the values of
(cd, cu) to decrease roughly by a factor of 1/2. Taking this contribution into account we find that the narrow width
approximation is valid up to energies of 10 TeV , where the width to mass ratio reaches the 10% level. Considering
the 1/2 factor correction to our previous calculation and the uncertainties in the value of ρ0 in Eq.(45), from the
exclusion curves given in [42] we refine the lower limit to MZ′ & 4 TeV .
V. CONCLUSIONS
In this work we study the implications of kinetic mixing for the Z and Z ′ interactions in a class of models for
physics beyond the SM whose gauge group contains a spontaneously broken U(1)V factor group and the Higgs sector
respects custodial symmetry. For these theories, the kinetic mixing generates a coupling of the extra neutral physical
gauge boson Z ′ to SM fermions. Custodial symmetry allows to write the kinetic mixing parameters in terms of the
measured values of MZ , the electromagnetic constant α, the weak mixing angle θw (related to the former parameters
and to the measured Fermi constant), the W± boson mass and the mass of the Z ′ [36], in such a way that the Z
and Z ′ couplings to SM fermions can be written in terms of α, sin θw and the combinations ρ0 = M2W /s
2
wM
2
Z and
σ0 = M
2
W /s
2
wM
2
Z′ . The value of ρ0 is extracted from the global fit to electroweak precision data [4], thus for the
class of theories advocated here, these couplings depend on the known values of SM parameters and the unknown Z ′
mass. We rewrite the neutral gauge bosons currents in terms of these parameters and study possible effects of physics
beyond the SM in the interactions of the Z and Z ′ bosons, focusing in the contributions of intermediate Z ′ to the
lepton pair production at the LHC for the later case.
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FIG. 6: Estimate of the decay width of the Z′ to extra fermions with a mass of the order of the electroweak scale and a
perturbative coupling.
For the Z boson we calculate the oblique parameters S and T , which encode the low energy effects of physics
beyond the SM for a wide class of theories, including the ones considered here. We find that for MZ′ > 200 GeV the
oblique parameters are not sensitive to the Z ′ mass and a comparison with the values of S and T extracted from the
global fit to electroweak precision data [4] yields results in agreement with the fit for all values of the Z ′ mass above
the lower bound MZ′ > MZ found in [36].
The contributions of the Z ′ to lepton pair production at the LHC can written in terms of two parameters, cu
and cd, carrying all the information of the Z
′ couplings to SM fermions. There are two factors in cu and cd, the
first of which contains only the couplings to SM fermions. The second factor is the branching ratio BR(Z ′ → l+l−)
which contains information on SM and beyond the SM physics. In a first approximation, we calculate the cu and cd
parameters in our formalism considering only the Z ′ couplings to SM fermions generated by the kinetic mixing. In
this case, the corresponding cross section depends on the unknown Z ′ mass and known SM parameters. We compare
our results with the exclusion curves in the cu − cd plane for Z ′ masses in the range 3.8 − 6.0 TeV obtained by the
CMS Collaboration [42], finding that CMS data exclude the region MZ′ ≤ 4.6 TeV . This result however is modified
if we consider the coupling of the Z ′ to kinematically allowed non-SM particles which enter cu and cd through the
branching ratio BR(Z ′ → l+l−). We estimate these contributions in the well motivated case of dark matter entering
particle physics as the matter fields of the U(1)V gauge symmetry with perturbative couplings at the electroweak
scale, finding that our results above get modified roughly by a factor of 1/2. Taking into account this correction we
obtain that the exclusion curves given in Ref. [42] yield the lower bound MZ′ & 4 TeV in the class of theories studied
in this work.
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